Land use is an important factor influencing animal abundance, species richness and 16 diversity in both protected and human-dominated landscapes. Increase in human population 17 and activities intensify changes in habitat structure and hence abundance, species richness and 18 diversity. We investigated the influences of land use and seasonality on small mammal 19 abundance, species richness and diversity in 10 habitat types distributed over protected, 20 agricultural and pastoral landscapes in the Serengeti ecosystem in Tanzania. We used live traps 21 (n = 141) and capture-recapture methods in each of 10 fixed plots distributed across three 22 landscapes for a total of 28,200 trap nights of effort. Trapping was carried out in the wet and 23 dry seasons for two consecutive years (April 2017 to October 2018). Small mammal abundance 24 was higher in the pastoral than in the protected and in the agricultural landscape. Abundance 25 was higher in the dry than the wet season across all the three landscapes. Species richness and 26 diversity were higher in the protected, middling in the agricultural and lowest in the pastoral 27 landscape. The high abundance in the pastoral landscape was due to the numerical dominance 28 of two species, namely A. niloticus in the shrubland and M. natalensis in the cropland habitat, 29 resulting in low species richness and diversity. Abundance was more evenly distributed across 30 all habitats in the protected area due to less disturbance. The low abundance in the agricultural 31 landscape, likely reflects disturbance from cultivation. High species richness and diversity in 2 32
The study design was approved by Tanzania Wildlife Research Institute (TAWIRI) 135 and the permit to conduct research was obtained from Tanzania National Parks (TANAPA) . 136 For the private land, the permit was issued by District Executive Office: Serengeti and 137 Ngorongoro Districts. All captured small mammals were handled according to the approved 138 permit and released immediately at the point of capture after observation.
139

Methods
140
Trapping procedures 141 Each land use consisted of 4 plots (except the pastoral landscape that had only 2 plots), 142 each measuring 100  100 m and selected in representative habitat types, including grassland, 143 shrubland, wooded grassland, cropland and riverine forest habitats. Except for the pastoral land 144 use where only two habitats were sampled (cropland and shrubland), other land use types had 145 four habitats each; wooded grassland, grassland, cropland and shrubland in the agricultural and 146 wooded grassland, grassland, riverine forest and shrubland in the national park. A total of 141 147 small mammal traps (100 Sherman traps, 30 wire mesh traps and 11 bucket pitfall traps) were 148 set in each of the 10 plots for five consecutive nights and then transferred to the next plot. 149 Trapping was done twice a year, April -May for the wet season and August and September for 150 the dry season, for two consecutive years (2017 and 2018) . We started trapping on 18 th April 151 2017 and stopped on 20 th September 2018. Trapping started on the pastoral landscape (eastern 152 part of the Serengeti ecosystem) followed by the protected area and then by the cultivated 153 landscape (western part of the ecosystem) because the eastern part of the ecosystem receives 154 relatively low rainfall and so gets drier early compared to the western part. The same pattern 155 was followed except for one season (wet season 2018) due to logistical constraints, which 156 forced us to set traps in the protected area after the agricultural landscape. 158 Pitfall lines and trap lines were installed to capture mostly shrews and rodents, respectively. 159 Each plot was assigned one pitfall line consisting of 11 buckets, placed 5 m apart, and buried 160 in the ground so that the top of the bucket was at the ground level. Each of the 22 buckets per 161 plot was 26 cm deep and had upper and lower diameters of 30 cm and 26 cm, respectively, and 162 a 20-litre capacity. The bottom of buckets was pierced with small holes to allow water drainage.
163
Each pitfall line had a 50 cm-high black plastic drift fence running over the center of each 164 bucket. These passive and non-baited traps capture animals moving on the habitat floor that 165 encounter the drift fence and follow it until they fall into a bucket. The pitfall lines were 166 generally set along straight trails; however, rocks and logs occasionally forced deviations. This 167 technique has been used with considerable success in other small mammal surveys (41, 42) .
168
For the Sherman traps (23  9.5  8 cm), 10 lines (10 m apart) were developed on the grid.
169
Sherman traps were arranged along the lines, with a total of 100 traps placed on a 100 × 100 m 170 plot and spaced 10 m a part. To maximize capture and variety of small mammals caught, 30 171 wire mesh traps 'Mgono' were placed in-between the Sherman trap lines. Five wire mesh traps 172 were placed 20 m apart from each other. These wire mesh traps are widely used in Tanzania 173 by local hunters, and are funnel-shaped, multi-capture traps made of thin wire. Bait for both 174 the Sherman and 'Mgono' traps consisted of freshly fried coconut coated with peanut butter 175 and mixed with sardines. Traps were rebaited every morning and evening.
177
Checking of traps was done twice a day, early in the morning and evening. Equal amounts of 178 time were allocated to both methods, so we use 'trap-night' (one trap in operation for one 24-179 hr period, 0700 to 0700 hrs, to quantify sampling effort). We refer to the success rate of capture 180 as trap success and calculate it by dividing the number of individuals captured by the number 181 of trap-nights and multiplying by 100. Trap success has been recommended as a good measure 182 of spatial and temporal variation in relative abundance (43) . Traps stayed in one plot for 5 consecutive days before being taken to the next plot. Using recorded morphometric (external 184 shape and dimensions) measurements and field guides we identified trapped animals to genus 185 or species (44). In addition, distinguishing features like species, sex, size, reproductive status, 186 and presence of scars or particular characteristics were recorded to facilitate individual 187 identification (45). We marked trapped animals by toe clipping and released them at the points 188 of capture. After a standardized procedure, involving live trapping and a complete dataset of 189 small mammal abundance in each land use type, we aimed to ascertain the influence of human 190 activities on species richness, diversity and abundance.
191
Statistical analyses 192
To establish the pattern of small mammal response to abiotic and biotic factors, we 193 analysed variation in abundance, species diversity and richness across the three land use types, it has been generalized to diversity measures that incorporate species abundances and those 202 that take into account the evolutionary history among species (48). Hutcheson-t test was used 203 to test the significance of differences in diversity across the three-land use types and habitat 204 types.
205
Chi-square goodness-of-fit tests were used to test whether the observed abundances differed 206 significantly from expectation assuming a uniform distribution. Chi-square tests were followed by the chisq.multcomp post hoc test from the RVAideMemoire package (49). Abundance in 208 each of the three land use types were corrected for differences in trapping efforts and the results 209 presented as the number of small mammals/ 100 trap nights. In this study, the significance level 210 of 0.05 was adopted.
212
Results
213
Small mammal species richness and diversity 214 Overall, the species richness ( ) was 19 species, of which 15 species were recorded in 215 the NP, 11 in the AG and only 9 in the PA, but the difference in species richness among the 216 landscapes was not statistically significant ( = 1.6, = 0.4). The overall diversity (H') was In addition, evenness was high in both the AG (85%) and NP (60%) landscapes but low in the 221 PA (30%) landscape an indication of lower dominance in the NP and AG (S1Table). Species richness and diversity also varied noticeably across different habitats in the same land 229 use type and across the same habitat in different land use types. Specifically, in the NP species richness was the highest in the wooded grassland followed by the forest, grassland and 231 shrubland habitats, in decreasing order ( Fig. 3a & 3b ). However, these apparent differences in 232 species richness were statistically insignificant ( = 2, = 0.56). In contrast to richness, (Table A1) . For the AG land use type, the wooded grassland (S = 6) and grassland (S = 3) habitats each had 247 half the number of species found in the same habitat in the NP landscape. Species diversity 248 was significantly lower in the grassland than in the cropland (Hutcheson -test, = 3.5, = 17 249 0.0023), shrubland ( = -2.5, = 0.019) or wooded grassland ( = 2.9, = 0.008) habitat. The abundance of small mammals also varied between different habitats within each land use 301 type, but the pattern of the differences was inconsistent across the three land use types. For the 302 NP landscape, the abundance of small mammals varied across habitats ( = 26.8, P = < 0.001) 2 3 303 such that it was lower in the grassland than in the wooded grassland, shrubland and forest 304 habitats ( Fig. 5 ). For the AG, the abundance of small mammals differed significantly across 305 the four habitats ( = 19.6, P < 0.001) and was higher for the shrubland than for the other 2 3 306 habitats (Fig. 6 ). However, there was no difference in the abundance of small mammals among 307 the wooded grassland, cropland and grassland habitats or between the cropland and shrubland 308 habitats ( 0.1, P = 0.7). The latter two habitats had the highest abundance of small The grassland habitat had a higher abundance of small mammals in the NP than the AG 322 landscape ( = 6.42, P = 0.01). Similarly, small mammal abundance in the shrubland habitats 2 1 323 varied across the three landscapes ( 63.4, P < 0.001) such that it was higher in the PA than abundance in the habitat (78% of the total captures were of a single species), than it did in the 329 NP or AG landscapes (Table A2 ). For the cropland habitat, the abundance of small mammals 330 was higher in the PA than the AG landscape ( 67.6, P < 0.001). Likewise, abundance was 2 1 = 331 higher in the wooded grassland habitat in the NP than the AG landscape ( 30, P = 0.001). Small mammal abundance also varied interannually and seasonally (Fig. 7) . Across all species, 334 abundance was higher in 2018 than 2017 37.7, P < 0.001) and in the dry than the wet As expected, species richness and diversity of small mammals were higher inside the 354 NP than in either the AG or PA landscape. The higher diversity in the NP demonstrates that 355 protection is crucial in safeguarding wildlife. This is further reinforced by the observation that 356 most of the species that had low trap success occurred in the NP, indicating speciality.
357
Furthermore, the NP is the least modified by human activities and thus has high vegetation 358 heterogeneity and intactness, crucial to supporting a variety of small mammal species. Habitat 359 heterogeneity is one of the most important factors influencing small mammal richness and 360 diversity (50, 51). These findings concur with those of Magige and Senzota (2006) who also 361 recorded the highest small mammal diversity in the protected landscape. They are also 362 consistent with the general notion that greater habitat diversity is associated with higher species One plausible mechanism is that grazing increases shrub cover and patches and hence nesting 378 and refuge sites for small mammals but reduces vegetation diversity and ground cover (54).
379
Thus, continuous grazing decreases small mammal species diversity by reducing their food 380 diversity and increasing predation risk (29, 55 availability due to high rainfall in the preceding wet season (64, 65) . Surprisingly, Crocidura 445 spp and G. murinus were more abundant in the wet than the dry season. This contradicts 446 findings of two previous studies which reported higher abundances of both species in the dry 447 than the wet season in this ecosystem (66, 67), implying substantial interannual variation in 448 abundance. Such interannual fluctuations in abundance may be linked to a similar underlying 449 variation in rainfall and hence in food availability.
451
In aggregate, these results support the notion that human activities, such as grazing and 452 agriculture, homogenize habitats. This is demonstrated by the higher abundance of A. niloticus 453 in the shrubland and M. natalensis in the cropland habitat. Both species are habitat generalists 454 able to expand their home ranges depending on seasonal food availability and to persist in 455 disturbed areas (57, 68, 69) .This conforms with the general view that human-dominated 456 habitats should harbour many generalist small mammal species (Byrom et al., 2015) . Thus, by creating habitats that favor generalists at the expense of specialist species, human activities 458 modify ecosystem function and suitability for small mammal communities. hence with the loss of many small mammal species and the ecological services they provide.
471
These findings reaffirm the importance of protection as a strategy for conserving the 472 abundance, richness and diversity of small mammal species and can aid conservationists in 473 diagnosing healthy ecosystems. 
